THO is a multi-protein complex that promotes coupling between transcription and mRNA processing. In contrast to its role in mRNA biogenesis, we show here that the fission yeast THO complex negatively controls the expression of non-coding small nucleolar (sno) RNAs. Accordingly, the deletion of genes encoding subunits of the evolutionarily conserved THO complex results in increased levels of mature snoRNAs. We also show physical and functional connections between THO and components of the TRAMP polyadenylation complex, whose loss of function also results in snoRNA accumulation. Consistent with a role in snoRNA expression, we demonstrate that THO and TRAMP complexes are recruited to snoRNA genes, and that a functional THO complex is required to maintain TRAMP occupancy at sites of snoRNA transcription. Our findings suggest that THO promotes exosome-mediated degradation of snoRNA precursors by ensuring the presence of the TRAMP complex at snoRNA genes. This study unveils an unexpected role for THO in the control of snoRNA expression and provides a new link between transcription and nuclear RNA decay.
INTRODUCTION
Transcription of protein-coding genes by RNA polymerase II (Pol II) generates primary transcripts that are matured co-transcriptionally. This coupling between transcription and pre-mRNA processing is mainly achieved by the co-transcriptional recruitment of proteins complexes, which are subsequently transferred onto nascent mRNAs for proper maturation and export. An important structural component required for such coordination between transcription and mRNA processing is a multi-protein complex called THO (1) . The THO complex was originally identified in the budding yeast Saccharomyces cerevisiae (2) and is minimally composed of five non-essential subunits: Hpr1, Tho2, Mft1, Thp2 and Tex1 (3) . The existing data on the THO complex indicate that it is recruited to protein-coding genes with the transcriptional machinery, allowing the recruitment of mRNA export factors to nascent transcripts (1, (4) (5) (6) . Accordingly, deletion of genes encoding subunits of the THO complex reduces the efficiency of mRNA export (5, 7, 8) . THO mutant strains are also defective in mRNA 3 0 -end processing, as demonstrated by the accumulation of stalled mRNP intermediates that are associated with chromatin, polyadenylation factors and proteins from the nuclear pore complex (9, 10) .
Although the functional role of the THO complex has been studied mostly in S. cerevisiae, subunits of this complex are conserved among diverse eukaryotic species. Homologs of budding yeast Hpr1 (THOC1) and Tho2 (THOC2) are found in humans, Drosophila and fission yeast; yet, the Mft1 and Thp2 subunits appear to be specific to S. cerevisiae (11, 12) . Instead of Mft1 and Thp2 homologs, the Drosophila and human THO complex contain three additional subunits named THOC5, THOC6 and THOC7 (11, 12) . Interestingly, THOC5 and THOC7 orthologs are also found in the genome of the fission yeast, Schizosaccharomyces pombe (12) . In Drosophila and mice, the THO complex appears to regulate specific genes, as only a subset of mRNAs are downregulated after the depletion of THO components (12, 13) . More recently, Drosophila THOC1 and THOC5 subunits were shown to be recruited to a stress-response gene via loading onto nascent transcripts (14) . Furthermore, depletion of THO subunits in Drosophila and mammalian cells causes defects in transcription elongation, 3 0 -end processing and mRNA export (13) (14) (15) (16) . These studies thus support the evolutionarily conserved role of the THO complex in mRNA processing and nuclear export.
In addition to mRNAs, RNA Pol II is also responsible for the synthesis of many non-coding RNAs, such as small nucleolar (sno) RNAs. In yeast, snoRNAs are mainly *To whom correspondence should be addressed. Tel: +1 819 821 8000 (ext. 72733); Fax: +1 819 820 6831; Email: f.bachand@usherbrooke.ca expressed from independent transcriptional units, whereas >90% of snoRNAs reside in introns of human genes (17) . snoRNAs are divided into two functional classes: C/D box and H/ACA box that guide 2 0 -O-ribose methylation and pseudouridylation of rRNAs, respectively (18) . Although snoRNAs are not polyadenylated, we and others have recently demonstrated that mature snoRNAs can originate via 3 0 -end trimming of polyadenylated precursors in a process that requires a poly(A)-binding protein and the RNA exosome (19, 20) . The exosome complex is a RNA degradation machinery that is minimally composed of 10 evolutionarily conserved subunits, including the catalytically active ribonuclease, Dis3/Rrp44, which exhibits exonuclease (21) and endonuclease (22) (23) (24) (25) activities. In the yeast nucleus, the core exosome is associated with an additional 3 0 ! 5 0 exonuclease, Rrp6 (25, 26) . Although early studies suggested that Dis3 and Rrp6 were functionally redundant, the emergence of genetic and biochemical evidence indicate that they are likely to have different cellular activities (19, 20, 27, 28) . For instance, whereas deletion of rrp6 in S. pombe results in reduced levels of mature snoRNAs, a strain defective in Dis3 shows increased snoRNA levels (20) . The RNA degradation function of the core exosome is promoted by the activity of a conserved polyadenylation complex, called TRAMP, which consist of the RNA helicase Mtr4, a poly(A) polymerase (PAP) (Cid14 in S. pombe) and a zinc knuckle protein (Air1 in S. pombe) (29) (30) (31) (32) (33) . Interestingly, although polyadenylation activities of the TRAMP complex and the canonical mRNA PAP are both involved during yeast snoRNA expression (19, 20) , the exact contribution of TRAMP-and PAP-dependent polyadenylation is not completely understood.
Because snoRNA biosynthesis involves 3 0 -end polyadenylation, much like mRNAs, we searched for additional mRNA processing factors that would be involved in fission yeast snoRNA expression. Unexpectedly, we found that a defective THO complex results in the accumulation of mature snoRNAs. Furthermore, we show that the THO complex is present at snoRNA genes, associates with the TRAMP complex and is required to maintain TRAMP occupancy at snoRNA genes. Our findings indicate that the THO complex is important for TRAMP-dependent RNA decay during snoRNA expression, revealing a novel function for THO in the control of non-coding RNA expression.
MATERIALS AND METHODS

Yeast strains and media
A list of all S. pombe strains used in this study is provided in Supplementary Table S1 . Cells were routinely grown in YES media (3% glucose, 0.5% yeast extract, supplemented with adenine, histidine, leucine and uracil) or Edinburgh minimal medium (EMM). To repress nmt1 promoter, thiamine was added to a final concentration of 60 mM in EMM for 15 h. All gene disruptions were performed by PCR-mediated gene targeting as described (34) , and the absence of mRNA was confirmed by RT-PCR.
DNA constructs
To generate the Cid14 construct, the cid14 gene with additional 500 bp of promoter and terminator sequences was PCR amplified using genomic DNA and cloned in pFB366 (35) using PstI and SstI, generating pFB494. A catalytically inactive version of Cid14 was generated by site-directed mutagenesis using pFB494 and changing aspartate residues 298 and 300 to alanine residues resulting in plasmid pFB495. Both constructs were confirmed by sequencing. For single chromosomal integration into the ade6 locus, pFB366, pFB494 and pFB495 were linearized and transformed into the appropriate strains. Positive integrants were confirmed by PCR screening using primers located within cid14 as well as using RT-PCR analysis.
RNA analyses
Total RNA was extracted using the hot-acid phenol method. RNase H experiments were done as previously described (20) . Essentially, total RNA was RNase H-treated in a mixture containing snoRNA-specific complementary oligonucleotides plus or minus oligo d(T). RNA samples were resolved on 6% polyacrylamide-8 M urea gels, transferred onto nylon membranes and probed using 32 P-labeled snoRNA-specific probes.
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation (ChIP) experiments were performed essentially as described (36) with some modifications. Briefly, cells were grown to an OD 600 of 0.5-0.6. Formaldehyde solution (37) was then added into the culture (final concentration of 1%) and incubated for 20 min at room temperature. After quenching the reaction with glycine for 5 min, cells were washed twice with cold Tris-buffered saline (20 mM Tris-HCl pH 7.5, 150 mM NaCl). Cell pellets from 50 ml cultures were resuspended in 500 ml of lysis buffer (36) containing proteases inhibitors and disrupted vigorously with glass bead three times for 30 s using a FastPrep instrument. Samples were than sonicated 10 times for 10 s at 20% using a Branson digital sonifier. Five hundred microliters of whole-cell extract was incubated with anti-CTD (8WG16) antibody coupled to protein-G, or IgG sepharose for TAP-tagged strains. For measurements of RNA polymerase II occupancy in strains that express TAP-tagged fusion proteins, the CTD antibody was pre-bound to protein-G-sepharose prior to the addition of cell extracts to prevent binding between the immunoglobulin-binding domain of the TAP tag and the CTD antibody. Immunoprecipitation, bead washing, elution, reversal of crosslinking and DNA precipitation steps were all done as described (36) . Protein density at snoRNAs genes was calculated as the enrichment of a specific genomic locus relative to a non-transcribed intergenic region (nucleotides 3 009 380 to 3 009 484 of chromosome I), as previously described (20, 37) . Quantification of the immunoprecipitated DNA was done by quantitative real-time PCR. Control ChIP assays using untagged strains were also carried for all experiments, but were not shown since they were negative.
Immunoprecipitation
Protein extractions of control, Tho2-TAP and Tho5-TAP strains were done with glass beads using a FastPrep instrument in IP buffer (10% glycerol, 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA pH 8.0, 1 mM DTT, 0.05% Triton X-100 containing proteases inhibitors). Two milligrams of proteins was incubated on a rotating platform overnight at 4 C with IgG sepharose beads. The beads were washed four times in the same IP buffer. For RNases digestions, IPs were treated with 7.5 units of RNase A and 300 units of RNases T1 after the first wash, incubated for 10 min at room temperature followed by two additional wash steps. Input and eluted proteins were resolved on a 10% SDS-PAGE before immunoblotting using an Mtr4 antibody (33) (a generous gift from Marc Bu¨hler, Friedrich Miescher Institute for Biomedical Research), a ProA antibody (Sigma) and an antibody specific to Rmt3 (38) .
RESULTS
Mature and 3
0 -extented forms of snoRNAs accumulate in THO mutants
In S. cerevisiae, the THO complex is composed of Hpr1, Tho2, Mft1, Thp2 and Tex1 (3). In S. pombe, the THO complex appears to lack the S. cerevisiae Mft1 and Thp2 orthologs, but instead include mammalian THOC5 (SPBC577.04) and THOC7 (SPCC24B10.11 c) counterparts (12) . Schizosaccharomyces pombe cells deleted for genes encoding Hpr1 and Tho2 orthologs could not be generated, consistent with being essential fission yeast genes (39) ; yet, strains deleted for the putative THOC5, THOC7 and Tex1 orthologs were viable. Notably, we found that the absence of Tho5 and Tho7 results in increased levels of H/ACA box and C/D box snoRNAs ( Figure 1A , compare lanes 2-3 to lane 1). Although the levels of RNA accumulation varied between snoRNA-encoding genes, the increased expression of snoRNAs in THO mutants was reproducible (Supplementary Figure S1) . In contrast, deletion of tex1 did not result in snoRNA accumulation ( Figure 1A , lane 4), indicating that the effect of Tho5 and Tho7 on snoRNA expression is specific. The absence of snoRNA accumulation in the absence of S. pombe Tex1 is consistent with the lack of RNA-related phenotypes in a S. cerevisiae tex1Á strain (3, 40) . The absence of Tho5 and Tho7 also resulted in the accumulation of 3 0 -extended polyadenylated snoRNAs, as demonstrated by RNase H cleavage assays in the presence or absence of oligo d(T) ( Figure 1B , lanes 3-6). We previously reported that the absence of the nuclear poly(A)-binding protein, Pab2, causes the accumulation of 3 0 -extended polyadenylated snoRNAs together with the reduction of mature snoRNAs, consistent with a precursor-product relationship (20) . To further characterize the role of the THO complex in snoRNA metabolism, we generated a tho5Á/pab2Á double-mutant strain and examined the level of mature and 3 0 -extended snoRNAs by RNase H cleavage assays. As can be seen in Figure 1C and D, levels of 3 0 -extended polyadenylated snoRNA precursors remained similar between the tho5Á/pab2Á double-mutant and the single pab2Á strain (upper panels, compare lanes 7-8 to lanes 3-4). In contrast, the levels of mature snoRNAs were reduced in the tho5Á/pab2Á double-mutant strain relative to the single tho5Á mutant ( Figure 1C -D, middle panels, compare lanes 7-8 to lanes 5-6; quantifications shown in Supplementary Figure S2) , suggesting that the Pab2-dependent maturation pathway is required for the accumulation of mature snoRNA in a THO mutant. Altogether, these results indicate that a defective THO complex causes the accumulation of snoRNAs in fission yeast.
The accumulation of mature snoRNAs in tho5Á and tho7Á strains could be the consequence of increased transcription at snoRNA genes. To address this possibility, we examined the density of RNA Pol II along snoRNA genes by ChIP assays using extracts prepared from wild-type (WT), tho5Á and tho7Á strains. The results from these ChIP experiments did not reveal increased levels of RNA Pol II at the promoter and snoRNA region of SNR99 and SNOR68 in tho5Á and tho7Á cells (Supplementary Figure S3) . We therefore conclude that the accumulation of mature snoRNAs in THO mutant strains is not the consequence of increased transcription.
The THO complex is present at snoRNA genes
The aforementioned snoRNA accumulation detected in tho5 and tho7 deletion strains suggests that THO functions in snoRNA metabolism. To begin to explore the mechanism by which the THO complex controls snoRNA expression, we first assessed whether subunits of the THO complex are associated with sites of snoRNA transcription by ChIP assays, which have previously been used to show the presence of THO subunits at protein-coding genes (5, 6, 14, 41) . TAP-tagged versions of Tho2 and Tho5 were used to monitor the level of THO occupancy at three independent snoRNA genes: the H/ACA class SNR99 and SNR3 genes as well as the C/D class SNOR68 gene (Figure 2A ). THO occupancy at these three snoRNA genes was calculated as the enrichment of Tho2 and Tho5 at the respective snoRNA gene relative to a non-transcribed intergenic region, which served as a negative control (20, 37) . Tho2 was specifically recruited to all three snoRNA genes ( Figure 2B , E and H). As a control, ChIP assays using an untagged strain yeilded signal at snoRNA genes that were near background levels (data not shown). The lower levels of Tho2 at SNOR68 ( Figure 2H Figure S3) , we considered that the THO complex might promote an RNA decay pathway. We had previously found that deletion of cid14, which encodes the PAP subunit of the fission yeast TRAMP complex, leads to increased level of mature snR99 (20) . As this phenotype is similar to the snoRNA accumulation observed in tho5Á and tho7Á strains (Figure 1) , we reasoned that the THO complex might promote TRAMP-dependent RNA decay. To explore this possibility, we examined snoRNA levels in THO and TRAMP mutants. As can be seen in Figure 3A , the deletion of genes encoding two different subunits of the TRAMP complex, cid14 (lane 4) and air1 (lane 5), resulted in snoRNA accumulations similar to tho5D (lane 2) and tho7D (lane 3) strains. We also used a conditional strain in which the genomic copy of mtr4, encoding the TRAMP-associated RNA helicase, is expressed from the thiamine-sensitive nmt1 promoter, which is strongly repressed following thiamine addition (35) . As for cid14 and air1 deletion strains, the depletion of Mtr4 resulted in increased levels of snoRNA ( Figure 3B , compare lane 4 to 3); in contrast, WT control cells did not show this thiamine-dependent snoRNA accumulation (lanes 1-2) . These results (20) is indicated. (B, E and H) ChIP assays were performed using a TAP-tagged version of Tho2. The input and co-precipitated DNA were quantified by qPCR along the SNR99 (B), SNR3 (E) and SNOR68 (H) genes using specific primers, as shown in panel A. (C, F and I) ChIP assays using a TAP-tagged version of Tho5 at the SNR99 (C), SNR3 (F) and SNOR68 (I). (D, G and J) ChIP assays using an RNA Pol II-specific antibody at SNR99 (D), SNR3 (G) and SNOR68 (J). ChIP data are presented as the fold enrichment compared to a non-transcribed intergenic region. The data and error bars represent the average and standard deviation from at least three biological replicates.
indicate that deficiencies in either TRAMP or THO subunits increase the expression level of snoRNAs.
We next examined whether the polyadenylation activity of Cid14 was required for TRAMP-dependent control of snoRNA expression. We therefore generated constructs that express WT and catalytically inactive (DADA) versions of Cid14 from native promoter and terminator sequences. The catalytically inactive version of Cid14 substitutes two evolutionarily conserved aspartic acid (D) residues for alanines (A), which has been shown to inactivate the PAP activity of S. pombe Cid14 (31) and its S. cerevisiae ortholog, Trf4 (30) . These two Cid14 constructs, as well as an empty vector control, were chromosomally integrated as a single copy into a cid14Á strain. Importantly, the catalytically inactive version of Cid14 (DADA) did not rescue the increased levels of snoRNAs observed in the cid14Á strain ( Figure 3C,  compare lanes 1, 2 and 4) . In contrast, expression of WT Cid14 in the cid14Á strain effectively restored the altered expression of snoRNAs ( Figure 3C, lane 3) . These results indicate that the polyadenylation activity of the TRAMP complex is required for the negative control of snoRNA expression.
TRAMP-dependent polyadenylation enhances the degradation activity of the nuclear exosome, at least in part by providing an accessible 3 0 -end to target RNAs (43, 44) . Accordingly, our observation that TRAMP-mediated polyadenylation was required to prevent snoRNA accumulation ( Figure 3C ) suggested the involvement of the core exosome in a RNA decay pathway that negatively controls snoRNA expression. We therefore examined the expression level of snoRNAs in the dis3-54 strain, which contains an amino acid substitution in the exonuclease domain of the exosome subunit Dis3/Rrp44 that impairs its catalytic activity (45) . Notably, levels of snR99, snR3, snoR56 and snoR68 were all increased in a dis3-54 strain ( Figure 3D ). Taken together, these data indicate that TRAMP/exosome-mediated decay functions in the negative control of snoRNA expression.
THO and TRAMP complexes cooperate in the control of snoRNA expression
Because snoRNA accumulation is a shared phenotype between strains deficient for TRAMP and THO subunits, we decided to further characterize the functional relationship between THO and TRAMP complexes by generating double-mutant strains. However, we failed to obtain cid14Á/tho5Á or air1Á/tho5Á double-mutant strains, suggesting genetic interactions between subunits of THO and TRAMP complexes. We therefore deleted tho5 and tho7 in the nmt1-mtr4 conditional strain to generate nmt1-mtr4/tho5Á and nmt1-mtr4/tho7Á strains, which showed growth rates comparable to the singlemutant strains in the absence of thiamine ( Figure 4A ; left panel). In contrast, thiamine-dependent depletion of Mtr4 in the context of tho5 or tho7 deletions resulted in a synthetic growth defect as compared to the single nmt1-mtr4 conditional strain ( Figure 4A ; right panel). Synthetic growth defects were also observed using an nmt1-cid14/tho5Á double-mutant strain (Supplementary Figure S4 ). These results demonstrate genetic interactions between genes that encode THO and TRAMP subunits.
The aforementioned synthetic growth phenotypes detected between THO and TRAMP mutants could result from a variety of molecular defects. To determine whether the observed synthetic growth phenotypes correlate with synthetic defects in snoRNA expression, we analyzed the expression of snR99 and snoR68 in singleand double-mutant strains after thiamine addition to induce Mtr4 depletion. Importantly, the absence of Tho5 and Tho7 did not influence the kinetics of Mtr4 depletion after the addition of thiamine (Supplementary Figure S5) . Consistent with our previous results, the individual depletion of Mtr4 and THO subunits led to the accumulation of mature snoRNAs ( Figure 4B , compare lanes 2, 3 and 5 to lane 1). Importantly, snR99 and snoR68 levels were quantified for each mutant from independent experiments. Although modest increases in snoRNA levels are noted in the nmt1-mtr4/tho5Á and nmt1-mtr4/tho7Á double-mutant strains compared to single mutants ( Figure 4C and D), these increases in snoRNA levels are not additive. Accordingly, the absence of additive defects in double-mutant strains suggests that the THO and TRAMP complexes largely contribute to the same pathway in the control of snoRNA expression.
The functional connection between subunits of THO and TRAMP complexes suggested that these two complexes might physically associate. We therefore used a previously described antibody specific to the Mtr4 subunit of the fission yeast TRAMP complex (33) to analyze affinity purifications prepared from extracts of cells that expressed TAP-tagged versions of Tho2 and Tho5. We found that endogenous Mtr4 reproducibly co-purified with Tho2 and Tho5, but not with a control purification ( Figure 4E, compare lanes 5-6 to lane 4) .
We also confirmed that the association between THO and Mtr4 was not sensitive to RNase (Supplementary Figure S6) . As an additional control, a non-TRAMP protein was not recovered in Tho2 and Tho5 precipitates ( Figure 4E , see Rmt3). The specific association between THO and TRAMP subunits in S. pombe is consistent with the recovery of peptides from the Mtr4 homolog in a purification of human THOC2 (42) . Collectively, the data presented in Figure 4 suggest that the THO and TRAMP complexes cooperate in a pathway that negatively controls snoRNA expression.
The THO complex is required to maintain Cid14 occupancy at snoRNA genes We next explored possible mechanisms by which the THO complex could promote TRAMP-dependent control of snoRNA expression. Given the role of THO in coupling transcription and mRNA processing (1,4-6), we asked whether a functional THO complex was required for TRAMP occupancy at snoRNA genes. First, we used a TAP-tagged version of Cid14 to confirm that the TRAMP complex is recruited to snoRNA genes by ChIP assays. ChIP analysis of Cid14-TAP along three snoRNA genes (SNR99, SNR3 and SNOR68) showed clear enrichments over the intergenic control region ( Figure 5B-D, black  columns) . Notably, Cid14 association with snoRNA genes was highest at the 3 0 -end, a distribution pattern similar to that of Tho2/Tho5 (Figure 2 ) and RNA Pol II ( Figure 5E-G) .
To examine whether a functional THO complex was important for the association of Cid14 with snoRNA genes, we performed ChIP analysis of Cid14 using extracts prepared from WT, tho5Á, and tho7Á strains. In the absence of Tho5 and Tho7, levels of Cid14 cross-linking at snoRNA genes were generally reduced as compared to WT cells ( Figure 5B , regions 2-4; Figure 5C , regions 2-4; and Figure 5D, regions 3-4 ). Yet, we noted that fission yeast THO mutants were also affected in polymerase density ( Figure 5E-G) , which is consistent with previous observations made in budding yeast (46, 47) . To account for differences in transcription profiles, we therefore normalized Cid14 ChIP values to RNA Pol II occupancy by performing simultaneous measurements of Cid14 and Pol II recruitment from the same chromatin preparations. Notably, Cid14 occupancy relative to RNA Pol II decreased steadily along all three snoRNA genes, showing 35-50% reductions at the 3 0 -end of snoRNA genes in strains lacking tho5 and tho7 compared to WT cells ( Figure 5H-J) . This effect is not the consequence of reduced Cid14 expression in THOdeficient cells, as determined by immunoblotting (Supplementary Figure S7) . These results indicate that a functional THO complex is required to maintain TRAMP occupancy at snoRNA genes.
The Pab2-dependent snoRNA maturation pathway is required for the accumulation of snoRNAs in TRAMP mutants
We have previously shown that the poly(A)-binding protein, Pab2, functions with the exonuclease Rrp6 in a pathway that promotes the maturation of 3 0 -extended polyadenylated snoRNA precursors into mature snoRNAs (20) . To determine whether this maturation pathway was required for the accumulation of mature snoRNAs observed in TRAMP mutants, we deleted pab2 in strains deficient for the TRAMP subunits Air1, Cid14 and Mtr4 and analyzed snoRNA expression by northern blot. As observed in THO mutant strains ( Figure 1C and D) , the absence of Pab2 reproducibly suppressed the accumulation of mature snoRNA that was detected in cells deficient for Air1 ( Figure 6A , compare lane 4 to 3), Cid14 (snR3 and snR98; Figure 6B , compare lane 4 to 3) and Mtr4 ( Figure 6C , compare lane 4 to 3). In contrast to Air1-and Mtr4-deficient cells, for which the absence of Pab2 suppressed the accumulation of snR99 ( Figure 6A and C, respectively), deletion of pab2 in the cid14Á strain had minimal effects on the Cid14-dependent accumulation of 1-3) and IgG-sepharose precipitates (IP IgG; lanes 4-6) prepared from control, Tho2-TAP and Tho5-TAP-expressing cells. Antibodies for western blotting were rabbit polyclonal antibodies specific to Mtr4 (upper panel), ProA (Tho2 and Tho5) and Rmt3 (bottom panel). Figure 5 . A functional THO complex is required to maintain Cid14 occupancy at snoRNA genes. (A) Schematic of SNR99, SNR3 and SNOR68 genes as shown in Figure 2A. (B-D) ChIP assays using a TAP-tagged version of Cid14 at SNR99 (B), SNR3 (C) and SNOR68 (D) genes in WT, tho5Á and tho7Á strains. Input and co-purified DNA were quantified by qPCR using primers shown in panel A. (E-G) ChIP assays performed using an RNA Pol II-specific antibody at SNR99 (E), SNR3 (F) and SNOR68 (G) genes in WT, tho5Á and tho7Á strain using primers shown in panel A. (H-J) Density of Cid14 relative to RNA Pol II at SNR99 (H), SNR3 (I) and SNOR68 (J) genes in WT, tho5Á and tho7Á strains. Values were set to 1 for the control (WT) strain. All ChIP data are presented as the fold enrichment compared to a non-transcribed intergenic region. Data and error bars represent the average and standard deviation from two biological replicates. snR99 ( Figure 6B ). The reasons for the discrepancy between the role of Pab2 in the Air1-and Mtr4-dependent accumulation of snR99, but not in conditions of Cid14 deficiency, are not clear. From these results, we conclude that the Pab2-dependent maturation pathway generally functions in an antagonistic manner to TRAMPdependent RNA decay during snoRNA expression.
DISCUSSION
The THO complex is known to play important roles in eukaryotic gene expression. Although THO normally promotes gene expression via well-established and conserved functions in mRNA biogenesis (1), a role for the THO complex in non-coding RNA expression has remained obscure. In the course of studying the metabolism of snoRNAs in fission yeast, we identified a new function for the THO complex in non-coding RNA expression. Most surprisingly, we show that THO functions in the negative control of snoRNAs, in contrast to the positive role of THO in mRNA expression (7, 9, 10, 40, 48) . Specifically, we present multiple lines of evidence that support a functional connection between THO and TRAMP complexes in a pathway that controls snoRNA expression: (i) THO and TRAMP are both recruited to snoRNA genes, showing similar distribution profiles; (ii) THO and TRAMP mutants share similar phenotypes with respect to Pab2-dependent snoRNA accumulations; (iii) the TRAMP subunit Mtr4 can be found in a complex with Tho2 and Tho5 and (iv) a functional THO complex is required to maintain TRAMP occupancy at the 3 0 -end of snoRNA genes. These results suggest that the THO complex closely cooperates with the nuclear RNA surveillance machinery, namely, TRAMP/ exosome-dependent decay, to control snoRNA expression.
Consistent with the functional role of THO and TRAMP complexes in snoRNA metabolism, our ChIP data show that fission yeast Tho2, Tho5 and Cid14 are present at snoRNA genes. Interestingly, we note that the ChIP profiles of Tho2, Tho5 and Cid14 mirror the profile of RNA Pol II, showing increase occupancy at the 3 0 -end of snoRNA genes. Such an accumulation of RNA Pol II downstream of snoRNA genes may reflect a transcriptional pause associated with snoRNA 3 0 -end processing and/or transcription termination. Consistent with this idea, transcriptional pausing has been shown to play a role in 3 0 -end processing and termination at mammalian genes (49, 50) . The similarity between the ChIP profiles of Tho2, Tho5, Cid14 and RNA Pol II thus suggests that THO and TRAMP complexes travel along with the elongating RNA polymerase, rather than being specifically recruited at the 3 0 -end of snoRNA genes. This conclusion is consistent with earlier studies, indicating that the recruitment of THO to protein-coding genes in S. cerevisiae is coupled to transcriptional elongation (5, 40) . Recent studies have in fact identified factors that promote THO/TREX recruitment to protein-coding genes in Drosophila and S. cerevisiae (14, 51) . It will therefore be interesting to determine if any of these factors are important for the association of THO with the elongating polymerase during snoRNA transcription.
In fission yeast, mature snoRNAs can be produced via 3 0 -end trimming of polyadenylated precursors in a process that requires Rrp6 and the nuclear poly(A)-binding protein Pab2 (20) . Accordingly, increased levels of 3 0 -extended polyadenylated precursors and reduced levels of mature snoRNAs are detected in pab2Á and rrp6Á strains, consistent with a precursor-product relationship (20) . To explain the accumulation of mature snoRNAs in THO and TRAMP mutant strains, we propose that TRAMP-dependent polyadenylation promotes a degradation pathway that actively competes with the Pab2/Rrp6 maturation pathway ( Figure 7A) . Consistent with this model, snoRNA accumulation was also observed in a core exosome mutant ( Figure 3D ), whereas reduced levels of mature snoRNA are detected in rrp6Á cells (20) . Thus, the equilibrium between decay and maturation Figure 6 . Pab2 is required for the accumulation of mature snoRNAs in TRAMP mutants. (A) Total RNA prepared from WT, pab2Á, air1Á and air1Á/pab2Á strains was subjected to northern blot analysis using probes complementary to the indicated snoRNAs. The 5 S rRNA was used as a loading control. (B) Total RNA prepared from WT, pab2Á, cid14Á and cid14Á/pab2Á strains was subjected to northern blot analysis using probes complementary to the indicated snoRNAs. The 5 S rRNA was used as a loading control. (C) Total RNA prepared from WT, pab2Á, nmt1-mtr4 and nmt1-mtr4/pab2Á strains that were grown in the presence of thiamine (to allow depletion of Mtr4) was analyzed by northern blot using probes complementary to indicated snoRNAs. The 5 S rRNA was used as a loading control. In panels A to C, normalized levels of each snoRNA relative to WT cells are indicated beneath each lane. of snoRNA precursors controls snoRNA expression. Although we cannot exclude the possibility that TRAMP/exosome-dependent decay also influences the turnover of mature snoRNAs independently of snoRNA precursors, the fact that Pab2-dependent maturation is required for the upregulation of mature snoRNAs in TRAMP ( Figure 6 ) and core exosome (20) mutants argues that the TRAMP and exosome complexes primarily act on snoRNA precursors rather than on mature snoRNAs.
In the absence of THO, mRNP biogenesis does not occur properly and DNA:RNA hybrids accumulate, forming R-loops that hinder transcription elongation at protein-coding genes (48) . It is therefore possible that the effect of THO mutants on snoRNA expression is the consequence of R-loop formation during snoRNA transcription. We do not favor this interpretation, however. First, although R-loop formation in conditions of THO deficiencies normally results in decrease mRNA abundance (7,9,10,40,48), we observed increased levels of mature snoRNAs in our fission yeast THO mutants. Moreover, snoRNA accumulation was also increased in TRAMP and exosome mutants, yet these strains are not known to cause R-loop formation. Rather, we show here that the occupancy of the TRAMP complex is perturbed at snoRNA genes in THO-deficient cells ( Figure 5 ). We therefore identify for the first time a factor required for full occupancy of TRAMP on transcribed genes. Interestingly, the THO complex is not required for TRAMP occupancy at the 5 0 -end of snoRNA genes, suggesting that THO might not be responsible to recruit the TRAMP complex to the transcription machinery. However, the occupancy of Cid14 at the 3 0 -end of snoRNA genes was reduced by up to 50% in tho5 and tho7 mutants, indicating that a functional THO complex is important to maintain TRAMP occupancy on transcribed snoRNA genes. Based on these data, we propose that THO functions in the control of snoRNA expression by ensuring the presence of the TRAMP complex during snoRNA 3 0 -end processing ( Figure 7A ). In accordance with this model, a defective THO complex ( Figure 7B ) impairs exosome-mediated decay of snoRNA precursors by reducing TRAMP occupancy at snoRNA genes, which allows the Pab2/Rrp6 maturation pathway to outcompete TRAMP-dependent decay, leading to greater levels of mature snoRNAs. Whether THO supports TRAMP occupancy at snoRNA genes by direct physical interactions or via bridging proteins remains to be determined. As a consequence of reduced TRAMP/exosome-mediated decay in THO-mutant strains ( Figure 7B ), a limiting step in the Pab2/Rrp6-dependent maturation pathway may become saturated, leading to the accumulation of polyadenylated snoRNA precursors, which are also detected in THO-deficient cells ( Figure 1B) .
On the basis of sequence similarity-based identification, the S. pombe THO complex appears to be more similar to its mammalian counterpart than to the S. cerevisiae THO complex [this study and (12)]. This may not be too surprising, however, given that S. pombe and S. cerevisiae are as different to each other as either is from animals (52) . Such divergence between S. pombe and S. cerevisiae may also underlie differences in snoRNA metabolism between these two species. Accordingly, TRAMP and exosome mutants do not appear to accumulate mature snoRNAs in S. cerevisiae (19, 29, (53) (54) (55) , in contrast to fission yeast. Despite these potential differences, the role of THO in non-coding RNA metabolism may not be exclusive to fission yeast. Accordingly, a genome-wide survey of THO occupancy by ChIP assays was recently reported using S. cerevisiae (48) and indicated that Hpr1 (Thoc1) crosslinks to snoRNA genes in budding yeast (56) . Consistent with these findings, another mRNA export factor, Yra1, which physically interacts with the THO complex (5, 6) , is also found at snoRNA genes in S. cerevisiae (57) . More recently, the fission yeast ortholog of Yra1, Mlo3, was shown to associate with the TRAMP complex and help suppress antisense RNA expression (58) . These findings are consistent with our results and hint for the broader involvement of mRNA processing factors, such as the THO complex, in non-coding RNA metabolism.
Our data also showed that cells lacking a functional THO complex display synthetically lethal and synthetically sick phenotypes with deletions in TRAMP components. Comparable genetic interactions have been found in S. cerevisiae (6, 7, 59, 60) and explained by the absence of TRAMP-dependent quality control mechanisms to manage the mRNP processing defects occurring in THO mutant cells, leading to a high degree of synthetic lethality when deletions in TRAMP components are combined with deletions in THO components. Although synthetic genetic interactions often indicate compensatory or parallel gene action, the absence of additive effect on snoRNA expression observed between a THO deletion (tho5 or tho7) and Mtr4 depletion suggests that the synthetic growth defects observed between THO and TRAMP in S. pombe are not related to their effect on snoRNAs, but is consistent with the view that they contribute to the same pathway in the control of snoRNA expression.
Considering that there are between 4000 and 5000 snoRNA molecules per cell in fission yeast (S. Marguerat and J. Ba¨hler, unpublished results), increases in snoRNA levels as small as 50% are likely to represent a substantial expansion in the quantity of snoRNAs produced by the cell and in the amount of energy invested in making hundreds of additional snoRNAs. What could thus be the biological significance of this apparent overproduction of snoRNAs, a fraction of which is continually degraded by the exosome? As snoRNPs play direct roles in ribosome biogenesis, it is possible that such a mechanism ensures that critical components associated with ribosome biosynthesis are never limiting. Consistent with this view, it has been shown that ribosomal proteins are overproduced in mammalian cells, but that the unassembled ribosomal proteins are rapidly degraded by the proteasome (61) .
In summary, our findings reveal a new function for the THO complex in the metabolism of non-coding RNAs. By establishing the THO complex as a factor important for TRAMP occupancy at snoRNA genes, we provide new insights into the interplay between transcription and nuclear RNA degradation. Given that the fission yeast THO complex includes the mammalian THOC5 and THOC7 orthologs, it is tempting to speculate that the functional connection between THO and TRAMP complexes is conserved in human cells.
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